Abstract: Molecular mapping of Fusarium head blight (FHB) resistance quantitative trait loci (QTL) and markerassisted selection of these QTL will aid in the development of resistant cultivars. Most reported FHB resistance QTL are from 'Sumai 3' and its derivatives. 'Wangshuibai' is a FHB-resistant landrace that originated from China and is not known to be related to 'Sumai 3'. A mapping population of 139 F 5:6 recombinant inbred lines was developed from a cross of 'Wangshuibai' and 'Wheaton'. This population was developed to map the FHB-resistant QTL in 'Wangshuibai' and was evaluated twice for Type II FHB resistance. A total of 1196 simple sequence repeat and amplified fragment length polymorphism markers were screened on this population, and four FHB resistance QTL were detected. A major QTL near the end of 3BS explained 37.3% of the phenotypic variation. Another QTL on 3BS, located close to the centromere, explained 7.4% of the phenotypic variation. Two additional QTL on 7AL and 1BL explained 9.8% and 11.9% of the phenotypic variation, respectively. The simple sequence repeat and amplified fragment length polymorphism markers closely linked to these QTL may be useful for stacking QTL from 'Wangshuibai' and other sources to develop cultivars with transgressive FHB resistance.
Introduction
Fusarium head blight (FHB), also called head scab, a destructive disease of wheat (Triticum aestivum L.), results in significant economic losses owing to reduced grain yield and quality (McMullen et al. 1997) . Fusarium graminearum Schwabe (telomorph = Gibberella zeae (Schw.) Petch) is the primary causal pathogen of this disease in the United States, Canada, and many other countries (Bai and Shaner 1994; Parry et al. 1995; McMullen et al. 1997) . FHB infection in susceptible varieties results in altered protein content, reduced test weight, and mycotoxin contamination (Wu et al. 1996; Wu et al. 1997) . Genetic variation for resistance to FHB is well documented in wheat and its relatives (Mesterhazy 1983 (Mesterhazy , 1995 Snijders 1990; Wilcoxson et al. 1992 ; Lemmens et al. 1993; Buerstmayr et al. 1996a Buerstmayr et al. , 1996b . Sources of FHB resistance have originated from China (Chen et al. 1997) , Brazil (Mesterhazy 1983; Snijders 1990) , and Japan (Ban 2000) and elsewhere. The importance of using cultivar resistance to control FHB has been recognized in China since the 1940s (Dai 1941) , and the weather during wheat flowering and maturation in the middle and lower Yangtse River Valley frequently favors the development of FHB epidemics (Bai et al. 2003a ). The most wellknown FHB-resistant variety, 'Sumai 3', was selected as a transgressive segregant from a cross between 'Funo', a moderately susceptible Italian cultivar, and 'Taiwan Xiaomai', a moderately resistant landrace from China (Bai and Shaner 1994; Chen et al. 2001) . 'Sumai 3' has been used in many FHB resistance breeding programs worldwide since the 1970s (Liu and Wang 1990; Liu et al. 1991) .
One of the objectives of mapping FHB resistance quantitative trait loci (QTL) with PCR-based molecular markers is to improve the efficiency of selecting FHB-resistant varieties (Kolb et al. 2001) . Several research groups have studied FHB resistance QTL in 'Sumai 3' and its derivatives. A major QTL (Qfhs.ndsu-3BS) for type II resistance (resistance against FHB spread within spikes) from 'Sumai 3' was located on 3BS (Waldron et al. 1999; Anderson et al. 2001; Bai et al. 1999; Ban et al. 2000; Zhou et al. 2000 Zhou et al. , 2002a Zhou et al. , 2003 Shen et al. 2003a) . Physical mapping of linked simple sequence repeat (SSR) markers in deletion lines indicated that the major QTL is located on the distal end of 3BS (Zhou et al. 2002a ). This QTL was verified in different breeding populations (Zhou et al. 2003) . Other putative 'Sumai 3' FHB resistance QTL have been located on chromosomes 5A (Buerstmayr et al. 2002) , 6B , 3AL and 6AS ), 2A and 2B (Zhou et al. 2002a) , and 7D (Sneller et al. 2001) . McCartney et al. (2004) summarized SSR marker data associated with six FHB resistance QTL (2DL and 3BS (distal to the centromere), 3BSc (proximal to the centromere), and 4B, 5AS, and 6BS) in a diverse collection of wheat lines.
Cultivation of resistant varieties is an effective way of reducing losses from FHB infection (Bai and Shaner 1994; McMullen et al. 1997) . To enhance diversity in sources of FHB resistance and breed cultivars with transgressive resistance, it is important to identify FHB resistance QTL from new sources. 'Wangshuibai' is an FHB-resistant landrace from the Jiangsu Province of China but is not known to be related to 'Sumai 3'. It possesses a high level of type II FHB resistance, which has been reported to be more stable than that of 'Sumai 3' (Lu et al. 2001) . In this study, our objective was to use amplified fragment length polymorphism (AFLP) and SSR markers to map type II FHB resistance QTL in 'Wangshuibai'.
Materials and methods

Plant materials and FHB evaluation
A population with 139 F 5:6 recombinant inbred lines (RIL) was developed by single seed descent from a cross of 'Wangshuibai' and 'Wheaton'. 'Wheaton' is a hard red spring cultivar from the midwestern United States and is susceptible to FHB.
All F 5:6 RILs, 'Wangshuibai', and 'Wheaton' were screened for type II resistance using a single point inoculation method in greenhouses at Urbana, Ill., and Manhattan, Kans., in 2003. For each experiment, three pots of each of the 139 RILs and the parents were randomly arranged on greenhouse benches after vernalization. Phenotypic data for type II resistance were obtained by injecting conidia of F. graminearum into one central floret of a spike as described by Bai et al. (1999) . Percentage of scabbed spikelets (PSS) at 21 days after inoculation was scored to measure the type II resistance. At each location, 15 spikes were evaluated per RIL.
SSR primer sources
A total of 728 pairs of SSR primers were synthesized by Integrated DNA Technologies (Coralville, Iowa) and evaluated. SSRs evaluated included 130 pairs of Xgwm SSR primers from Röder et al. (1998) , 48 pairs of Xgdm SSR primers from Pestova et al. (2000) , 370 pairs of Xbarc SSR primers from Cregan et al. (2001) (USDA-ARS, Beltsville, Md.), 66 pairs of Xwmc SSR primers from Gupta et al. (2002) , and 22 pairs of expressed sequence tag derived SSR primers described by Eujayl et al. (2002) . In addition, 42 pairs of Xpsp SSR primers provided by Dr. M.D. Gale, John Innes Center, Norwich, UK, and sequence and mapping information of 50 pairs of unpublished Xwms SSR primers provided by Dr. Marion Röder (Institute for Plant Genetics and Crop Research, Gatersleben, Germany) were also used in this study.
SSR analysis
PCRs were prepared as described by Röder et al. (1998) and run in a MJ Research PTC-100 thermal cycler (MJ Research Inc. Waltham, Mass.) starting with 3 min at 94°C followed by 40 cycles of denaturing at 94°C for 30 s, annealing for 30 s, and extension at 72°C for 30 s with a final extension of 5 min at 72°C. PCR products were separated on 4.0% agarose gels at 180 V for 1-2 h. Gels were stained with ethidium bromide and visualized and photographed under UV light.
AFLP analysis
A 40-µL aliquot of preamplification PCR mixture consisted of 1× PCR buffer, 2.5 mmol MgCl 2 /L, 0.2 mmol dNTP mixture/L, 75 ng of each of unlabeled PstI (5′-GAC-TGCGTACATGCAG) and MseI (5′-GATGAGTCCTGAGTAA) primers, 0.75 U Taq polymerase, and 10 µL of 10-fold-diluted DNA. The template DNA was double digested with PstI and MseI restriction enzymes and ligated to corresponding AFLP adaptors before preamplification. PCR was run for 25 cycles at 94°C for 30 s, at 56°C for 60 s, and at 72°C for 60 s. The preamplified PCR product was then used as a template for further selective amplification. A 10-µL aliquot of PCR mixture contained 2 µL of 10-fold-diluted preamplified DNA, 1× PCR buffer, 2.5 mmol MgCl 2 /L, 0.2 mmol dNTP mixture/L, 10 ng of unlabeled MseI primer, 0.35 pmol of IR fluorescent-labeled PstI primer, and 0.2 U Taq polymerase. The PCR was run at 94°C for 2 min followed by 13 cycles of 94°C for 30 s, 65°C for 30 s with a touchdown temperature that decreased by 0.7°C/cycle in each following cycle, and 72°C for 60 s, followed by another 23 cycles at 94°C for 30 s, 56°C for 30 s, and 72°C for 60 s.
AFLP products labeled with IR700 or IR800 fluorescent dyes were detected with a LI-COR DNA analyzer. Following amplification, PCR products were mixed with 5 µL of formamide loading dye (98% formamide, 100 mmol/L EDTA, pH 8.0, bromophenol blue, and xylene cyanol). The resulting mixture was denatured for 5 min at 94°C and then quickly cooled on ice. To 20 mL of 6.5% gel matrix (LI-COR Inc., Lincoln, Nebr.), 75 µL of 20% ammonium persulfate and 15 µL of TEMED were added right before the gel was cast with LI-COR 25-cm glass plates. The gel was cast at least 1 h before running and was prerun in 1× TBE buffer (50 mmol Tris/L, 50 mmol boric acid/L, 1 mmol EDTA/L) for 10 min before the samples were loaded. A sample of 0.8 µL was loaded into each lane of the gel. The electrophoresis condition was set at 1500 V and 40 W at 50°C. The gel image was collected simultaneously as the electrophoresis progressed by a scanner inside the analyzer and visualized on a computer screen. The AFLP images were visualized and scored using Saga software from LI-COR Inc.
Data analysis
A linkage map of the SSR and AFLP markers was constructed by using Mapmaker version 3.0 for the personal computer (Lander et al. 1987; Lincoln et al. 1992) . SAS version 6.0 (SAS Institute Inc. 1989) was used for variance and regression analysis. Interval analysis was performed using Qgene software (Nelson 1997) .
Results
Inheritance of type II FHB resistance in 'Wangshuibai'
Over the two experiments, the average PSS of the resistant parent 'Wangshuibai' was 13.8%, whereas the average PSS of the susceptible parent 'Wheaton' was 94.5%. The frequency distribution of PSS values of the 139 RILs was continuous, perhaps because of different combinations of several resistance QTL and environmental effects (Fig. 1) . The broad sense heritability was about 0.91 over both experiments.
SSR and AFLP linkage maps
A total of 1196 SSR and AFLP markers were mapped on this population. AFLP markers were located to chromosomes based on the available chromosome information of linked SSR markers. All SSR markers were analyzed for their association with type II resistance using single-factor variance analysis with a SAS program. SSR markers significantly associated with type II resistance are listed in Table 1 . SSR marker Xbarc147 exhibited the greatest R 2 value (37.3%).
Two putative QTL mapped on 3BS
A linkage group of six SSR markers and six AFLP markers defined a segment of 51.1 cM near the distal end of 3BS (Fig. 2) . All of the markers in the group are significantly associated with FHB resistance with an logarithm of the odds value greater than 3.0. Based on interval analysis, this 3BS QTL was located in a region around Xbarc147 and Xgwm533, which were the two markers with the greatest coefficient of determination. Because these two markers map to the distal end of chromosome 3BS (Zhou et al. 2002a ), this QTL should be located on the distal end of 3BS.
Another linkage group on chromosome 3BS was also significantly associated with FHB resistance. This region was close to the centromere of chromosome 3B. It included four SSR markers and three AFLP markers covering 46.8 cM of genetic distance (Fig. 3) . Besides SSR marker Xbarc344, AFLP markers pAG/mCTGA149 and pAGG/mCAA316 in this group also were significantly associated with FHB resistance. Interval analysis indicated that this QTL was flanked by the SSR marker Xbarc344 and the AFLP marker pAG/mCTGA149 (Fig. 3) . Xbarc344 explained 7.4% of phenotypic variation.
Additional QTL on chromosome 7AL and 1BL
Five SSR markers and three AFLP markers formed a linkage group covering 58.3 cM on chromosome 7AL (Fig. 4) . In this group, one SSR marker, Xwms1083, and three AFLP markers, pACTG/mACGT489, pAGT/mCTA86, and pCGA/mTGCG231, were significantly associated with FHB resistance. Interval analysis showed that this minor QTL was flanked by SSR marker Xwms1083 and AFLP marker pCGA/mTGCG231 (Fig. 4) . AFLP marker pACTG/ mACGT489 was the marker with greatest R 2 value (9.8%) in this linkage group.
On chromosome 1BL, five SSR markers and two AFLP markers were grouped together (Fig. 5) . SSR marker Xwms759 was significantly associated with FHB resistance in this linkage group with an R 2 value of 11.9% in this mapping population. 
Discussion
The major QTL on 3BS
Based on previous studies on 'Sumai 3' and its derived lines such as 'Ning 7840', there is a major QTL (Qfhs.ndsu-3BS) on chromosome 3BS (Zhou et al. 2000 (Zhou et al. , 2002a Anderson et al. 2001; Shen et al. 2003a) . In this study, a major QTL was also located on chromosome 3BS in 'Wangshuibai'. SSR markers Xgwm533 and Xbarc147 are the two closest markers associated with this QTL in 'Wangshuibai'. These same two markers are also close to the 3BS QTL in 'Sumai 3' (Zhou et al. 2000 (Zhou et al. , 2002a Anderson et al. 2001; Shen et al. 2003a ). Based on these results, it is most likely that 'Wangshuibai' and 'Sumai 3' have the same major FHB resistance QTL on 3BS. Although both varieties originated from the Jiangsu Province of China, 'Sumai 3' was selected from a cross between an Italy variety 'Funo' and a Chinese landrace 'Taiwan Xiaomai', while 'Wangshuibai' was selected and grown by farmers long before 'Sumai 3' was released. No available record can confirm the relationship between 'Wangshuibai' and the two parents of 'Sumai 3'. It is not known if the FHB resistance of 'Wangshuibai' and 'Sumai 3' was derived from independent origins.
A lot of information on molecular mapping of FHB resistance in wheat has been accumulated during the last several years. Many research groups have reported that chromosome 3BS in wheat varieties from China carries a major QTL conferring type II FHB resistance. Clearly, 'Sumai 3' (Waldron et al. 1999; Anderson et al. 2001 ) and its derivatives such as 'Ning 7840' (Bai et al. 1999; Zhou et al. 2000 Zhou et al. , 2002a Gupta et al. 2001) and 'CM-82036' (Buerstmayr et al. 2002 ) carry a resistant allele at the 3BS QTL; however, three varieties, 'Maringa' (Somers et al. 2003) , 'Huapei 57-2' (Bourdoncle and Ohm 2003) , and 'Ning 894037' (Shen et al. 2003a) , also carry an FHB resistance QTL in a similar region on chromosome 3BS. Based on their pedigrees, these varieties were not related to 'Sumai 3'. The coefficient of determination of type II FHB resistance conferred by the 3BS QTL varies from 9% to 60% owing to different parental lines, different markers, environmental effects, and many other factors. Fingerprinting of 3BS SSR markers linked to this QTL revealed genomic differences between 'Sumai 3' and 'Wangshuibai' in the region containing the 3BS QTL (Bai et al. 2003b; McCartney et al. 2004 ing the 3BS FHB resistance QTL. Further study needs to be done to determine if there are different genes or different alleles of the same locus conferring FHB resistance near the distal end of 3BS in these varieties. There is also a need to examine the extent of allelic variation if all of the FHB resistance QTL on the end of 3BS are located at the same locus.
New QTL in 'Wangshuibai'
Besides the 3BS major QTL, three minor QTL for type II FHB resistance were located on chromosomes 7AL, 1BL, and 3BS (near the centromere). SSR and AFLP markers linked to these QTL were identified in this study. These markers may have potential for use in marker-assisted selection to introgress QTL from 'Wangshuibai' into FHBresistant varieties. These QTL are also novel FHB resistance QTL because no resistance QTL have been mapped on 7AL or 1BL in 'Sumai 3' or its derivatives.
Although molecular markers associated with FHB resistance QTL on chromosome 7A have not been reported previously, chromosome 7A was reported to confer FHB resistance in two previous studies using cytogenetics. Using monosomic analysis, Yu (1991) reported that five chromosomes, 4A, 7B, 7A, 5A, and 4D, in 'Wangshuibai' were related to type II resistance; however, we located only one of these QTL (on chromosome 7A), and no QTL were identified on 4A, 7B, 5A, or 4D in the current study. Based on evaluation of Type II FHB resistance of two sets of 'Chinese Spring' × 'Sumai 3' chromosome substitution lines, Zhou et al. (2002b) reported that chromosome 7A from 'Sumai 3' had a larger effect on FHB resistance than any of the other 20 chromosomes, but this has not been reported in any molecular mapping work involving 'Sumai 3'. The dissection of FHB resistance of chromosome 7A with molecular markers is underway.
In a recent study of 'Wuhan-1', a breeding line derived from a composite cross in Wuhan, China, a minor QTL conferring FHB resistance with a combined effect on disease incidence and spread, called field resistance, was identified on 3BS close to the centromere (Somers et al. 2003 ). However, this QTL did not confer FHB resistance solely against FHB spread within spikes in the same population (Somers et al. 2003) .
We also mapped a minor QTL possessing type II FHB resistance on chromosome 1B in this study. This QTL was located on 1BL based on the marker Xwms759, which is the closest to the QTL. Buerstmayr et al. (2002) reported a minor QTL conferring type II FHB resistance linked to a protein marker, GluB1 (high molecular mass glutenins), in chromosome 1B. Their mapping population was a set of doubled haploid lines from a cross of 'CM-82036' and 'Remus'. The resistant parent 'CM-82036' was also derived from 'Sumai 3'. GluB1 is located on chromosome 1BL close to the region containing Xwms759.
Recently, several research groups have identified FHB resistance QTL using SSR markers in sources other than 'Sumai 3'. Gervais et al. (2003) reported that wheat chromosomes 2A, 3A, 3B, and 5A carry FHB resistance genes in 'Renan', a European winter wheat. Shen et al. (2003b) reported that regions on chromosome 1B, 3A, 3D, and 5A confer FHB resistance in a Romanian winter wheat, 'Fundulea'. Somers et al. (2003) mapped FHB resistance genes on chromosomes 2D, 3B, and 4B in varieties 'Wuhan-1' and 'Maringa'. 'Maringa' is derived from 'Frontana', a FHB-resistant cultivar selected in Brazil. In this study, novel FHB resistance QTL were mapped with AFLP and SSR markers on chromosomes 7AL and 1BL. These markers may be useful for stacking these FHB resistance genes with FHB resistance QTL from different sources to develop breeding lines with a higher level of resistance than their parents. 
